Compact and broadband directional coupling and demultiplexing in dielectric-loaded surface plasmon polariton waveguides based on the multimode interference effect We theoretically, numerically, and experimentally demonstrate that a directional coupling function can be realized with a wide bandwidth (greater than 200 nm) in dielectric-loaded surface plasmon polariton waveguides based on the multimode interference effect. The functional size of the structures is in the range of several micrometers, which is much shorter than traditional directional couplers consisting of two parallel dielectric or plasmonic metallic waveguides. In addition, 1 Â 2 beam splitting and demultiplexing function was realized. Such devices with wide bandwidth and small size indicate potential applications in high density lab-on-chip photonic integration and circuits. Surface-plasmon polaritons (SPPs) open an opportunity for realizing chip-scale photonic integration circuits because of their ability to confine the electromagnetic wave below the diffraction limit. 1 In recent years, several kinds of SPP waveguide-based structures, such as long range surface plasmon waveguides, dielectric-loaded waveguides (DLSPPWs), metallic nanowires, and metal-insulator-metal waveguides, have been proposed. [1] [2] [3] [4] [5] [6] [7] Among these, DLSPPWs show a special advantage for high-density integration because of the relatively low bend and propagation loss, which facilitates large-scale industrial fabrication achievable with the existing lithography techniques. Therefore, many researchers seek photonic fundamental components using DLSPPW, [8] [9] [10] [11] [12] [13] [14] [15] including beam splitters, 9,10 directional couplers, 11, 15 MachZehnder interferometers, [12] [13] [14] and ring resonators. 16, 17 In addition, several multi-mode interference (MMI) structures based on DLSPPWs 18, 19 combined with the thermo-optic effect have been demonstrated to realize optical switching controlled by electronic signals. [20] [21] [22] [23] However, these studies paid little attention to the bandwidth of operation and the device length, which are keys for static high-speed signal operation.
In this work, we present a compact and broadband DLSPPW directional coupler based on the MMI effect. The proposed structures are analyzed theoretically and numerically in order to complement the experimental characterization which demonstrates these functions in the optical regime.
We start from studying a model system of a dielectricloaded MMI structure, which consists of a polymethylmethacrylate (PMMA) layer with predefined three single-mode waveguides and one multimode region on the top of a gold film, which is supported by a thin glass substrate ( Fig. 1(a) ).
The single-mode waveguides work as input and output waveguides (A and B, respectively), while the multimode waveguide serves as the MMI region. The geometrical parameters of the structure are as follows: the Au film thickness d is 50 nm; the PMMA layer thickness t is 300 nm; the PMMA width of the input waveguide is 290 nm; the PMMA width w of the multimode region is 740 nm; the radius of curvature of both output waveguides is 2000 nm (Fig. 1(a) ). The Au is treated as a dispersive medium following the Drude model. The metal permittivity is derived by using eðxÞ ¼ e 1 À x 2 p =ðx 2 þ ix=sÞ, where e 1 is the interbandtransition contribution to the permittivity, x p the bulk plasma frequency, and s the mean free time between electron collisions. The values of e 1 , x p , and s are 1.0, 1.38 Â 10 16 rad/s, and 33 fs, respectively, obtained by fitting the experimental data Au from the literature. 24 The refractive indexes of PMMA and SiO 2 substrate are 1.484 and 1.50, respectively. Using a rigorous finite element method (FEM) implemented in a commercial software of COMSOL Multiphysics, the propagation constants of all the supported modes in the multimode region of the structure are calculated and plotted in Figs. 1(b) and 1(c) as a function of the wavelength. We can observe that the two guided modes (the fundamental DLSPPW mode and the first order mode) are supported in the multimode region. We also find two key points: one is that the difference between the imaginary part of the propagation constant of the two guided modes is approximately equal to 0 in a wide wavelength range of 620-900 nm, implying that the two modes have almost the same level of decaying and then the variation of the mode power is mainly determined by the interference between the modes. The second is that the difference between the real parts of their propagation constant is relatively large and varies slightly with the wavelength in the same wavelength range, and then the MMI effect can be observed in a relatively short distance. 
where c 0 , w * 0 , d 0 , and b 0 denote the excitation coefficient, modal field distribution, and imaginary and real parts of the propagation constant of the fundamental DLSPPW mode, respectively. Similarly, c 1 , w * 1 , d 1 , and b 1 indicate the corresponding arguments of the first order mode. Because the imaginary parts of the propagation constants of the two modes are designed to be approximately equal in the range of 620-900 nm ( Fig. 1(c) ), we let d replace d 0 and d 1 . As the two output waveguides are placed at the back-end (x ¼ l) of the multimode region, the output energy from the two output waveguides is directly determined by the modal field distribution w * ðl; y; zÞ. For simplicity, the initial phase of the input field at x ¼ 0 is assumed to be 0, and therefore the input field at x ¼ 0 should be 
indicating that the power from the input signal is only transferred to the output waveguide A. However, if the phase difference between the two interfering modes is equal to (2n þ 1)p (n ¼ 1,2,3,…), the total field profile at the end of the multimode region can be written as 
Considering the even and odd symmetry of two excited guided modes, the field can be expressed as 
implying that the structure only transfers power from the input waveguide to the output B. Therefore, the directional coupling in dielectric-loaded plasmonic waveguides based on the MMI effect is realized. Since (b 0 -b 1 ) is relatively large (greater than 1.0 Â 10 6 rad/m) and varies slightly in the wavelength range of 620-900 nm, we can expect broadband directional coupling operation in a compact region (in the range of several micrometers).
To verify the theoretical prediction, we next performed numerical simulations using the finite-difference time-domain method. 25, 26 Figs. 2(a) and 2(b) show the transmission from outputs A and B as a function of the input signal wavelength and the multimode region length. The corresponding transmission spectra when l equals to 2100 nm, 4200 nm, and 6000 nm are also shown in Figs. 2(c)-2(e) , respectively. Fig.  2(c) shows that for l ¼ 2100 nm at a wavelength of 730 nm, $54% of the power from the input waveguide is transferred to the output waveguide B while only $0.4% of the power transmits to the output waveguide A. Comparatively, at the same wavelength, about 44% of the power is transferred to the output waveguide A, and only $1% of the power transmits from output waveguide B when l ¼ 4200 nm. From Figs. 2(c) and 2(d), we can also see that the directional coupling operation can be achieved in a wide wavelength range of 650-850 nm with an isolation ratio greater than 10 dB. These results clearly show that the wideband directional coupling function can be realized by multimode DLSPPWs with a length of only several micrometers. The directional coupling operation can also be obtained when l ¼ 6300 nm or 8400 nm, which correspond to the phase difference (b 0 -b 1 )l between the two interfering modes to be 3p and 4p, respectively (Figs. 2(a) and 2(b) ). Since the output power from the two output waveguides in the dielectric-loaded MMI structure is a function of l and the input signal wavelength, the wavelength-selective splitting function can be achieved when l is fixed. From Fig. 2(e) , we can see that the transmission at 620 nm from output A is about 26% when l ¼ 6000 nm, while the transmission from output B is about 5%. Comparatively, for the wavelength of 866 nm, the transmission from output A and B are around 2.3% and 32%, respectively. These simulation results clearly depict that for wavelengths of 620 nm and 866 nm the demultiplexing function is achieved. In addition, we also find that a 1 Â 2 beam splitting function is directly obtained at 690 nm in the same structure.
In general, finite difference time domain (FDTD) simulations are difficult to conduct so as to precisely take into account experimental conditions because of need for the accurate representation of dispersion of the materials involved (especially metals). In addition, dimension mismatch might occur between the designed and fabricated structures. For these reasons, the above simulations should only be considered as guidelines for the experiments described below. Experimental samples were fabricated by sputtering Au onto a quartz substrate and afterwards spin-coated with a PMMA layer. The waveguide structures were fabricated by electron beam lithography. Figure 3(a) shows an optical microscopy image of a typical structure fabricated in this work. The performance of the fabricated components was characterized using leakage radiation microscopy (LRM). All input waveguides are connected to funnel structures which facilitate efficient excitation of the DLSPPW modes. The 
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Zhu et al. Appl. Phys. Lett. 103, 061108 (2013) numerical aperture NA ¼ 1.45 that was used for collecting the leakage radiation was imaged using a CCD camera. The transmission was measured by analyzing the averaged intensity profiles of every LRM image at a point close to the input where the maximum value is found (point A) and a fixed point at the near the output (point B). Transmission is then calculated dividing the intensity values obtained at points A and B. This procedure is repeated for every LRM image taken at different wavelengths. The measured transmission spectra from output A and B for l ¼ 5850 nm, 6550 nm, and 6200 nm are shown in Figs However, in the same wavelength range, most of the power is transferred to output A when l ¼ 6550 nm. These experimental results further confirm that the compact and broadband directional coupling function can be achieved experimentally with multimode DLSPPWs. In Fig. 3(d) , the transmission at 738 nm from the output A is about 4%, while the transmission from the output B is about 10%. Comparatively, the transmission at 838 nm from the outputs A and B are around 11% and 4%, respectively. Such results imply that the demultiplexing function is realized experimentally with the multimode DLSPPW with length in the range of several micrometers. In addition, Fig. 3(d) shows that a 1 Â 2 beam splitting function can be directly obtained at 765 nm in the same structure. Comparing simulations (Fig. 2) and measurements (Fig. 3) , we conclude that the predicted compact and broadband directional coupling in dielectric-loaded plasmonic waveguides based on the multimode interference effect is possible. However, the operation wavelength and transmission in simulations and measurements deviate from each other if the same parameters are used. This is due to the fact that the width and thickness of the PMMA ridge is in the range of several hundreds of nanometers and is difficult to be controlled accurately under our experimental environment, which results in different values of width and thickness compared to the original designed values. So, in this paper, we seek the agreement of physical phenomenon between experiment and simulation and do not importune a very strictly corresponding relation between them. In summary, both simulation and experimental phenomena clearly show that the broadband directional coupling and demultiplexing function can be achieved with multimode DLSPPW relatively small structures (in the range of several micrometers). The fact that the device is much shorter than traditional directional couplers consisting of two parallel dielectric or plasmonic metallic waveguides results from two points: one is because the interference effect is much stronger than the evanescent wave coupling between parallel waveguides. The second is that the propagation constant difference between fundamental DLSPPW mode and the first order mode is relatively large. The wide bandwidth of the device is due to the fact that the propagation constant differences between the two operation modes vary slightly with the wavelength of the light.
